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Early Growth Response Factor-1 Is
Associated With Intraluminal Thrombus
Formation in Human Abdominal Aortic Aneurysm
In-Soon Shin, MS,* Jeong-Min Kim, BS,* Koung Li Kim, MS,* Shin Yi Jang, PHD,*
Eun-Seok Jeon, MD, PHD,* Seung Hyuk Choi, MD, PHD,* Duk-Kyung Kim, MD, PHD,*
Wonhee Suh, PHD,‡ Young-Wook Kim, MD, FACS†
Seoul, Korea
Objectives The goal of this study was to investigate the expression of early growth response-1 (Egr-1), a vascular pathogenic
transcription factor, and its potential relationship with tissue factor (TF), a key player during the thrombus forma-
tion in the abdominal aortic aneurysm (AAA) wall.
Background Although intraluminal thrombus is a common finding in human AAA, the molecular mechanism of the thrombus
formation has not been studied.
Methods During the elective AAA repair, specimens were taken from the thrombus-covered and thrombus-free portions of
the aneurysmal wall in each of 16 patients with AAA and analyzed to assess the differential expression of Egr-1
and TF. The proinflammatory and prothrombogenic activities of Egr-1 in vasculature were evaluated in vitro and
in vivo by overexpressing it using adenovirus.
Results The expression of both Egr-1 and TF was significantly increased in the thrombus-covered wall compared with the
thrombus-free wall, in which their up-regulation in the thrombus-covered wall was strongly correlated with each
other (p  0.005, r  0.717). Adenoviral overexpression of Egr-1 in human vascular smooth muscle and endo-
thelial cells was found to up-regulate the expression of TF and inflammation-related genes. Moreover, Egr-1 over-
expression in endothelial cells increased their adhesiveness to monocytes and also substantially promoted the
intravascular thrombus formation in vivo, as shown in the inferior vena cava ligation experiment of the rat.
Conclusions The present study demonstrates the differential up-regulation of Egr-1 in the thrombus-covered wall of human
AAA and also suggests its possible contribution to the thrombogenic and inflammatory pathogenesis in human
AAA. (J Am Coll Cardiol 2009;53:792–9) © 2009 by the American College of Cardiology Foundation
ublished by Elsevier Inc. doi:10.1016/j.jacc.2008.10.055a
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tn abdominal aortic aneurysm (AAA) is a potentially
ethal, age-related transmural degenerative disease of the
istal abdominal aorta. The pathogenesis of an AAA is
omplex and multifactorial (1). Histologically, an AAA is
haracterized by mural inflammatory cell infiltration, de-
truction of elastin and collagen in the media and adventitia,
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ccepted October 20, 2008.nd smooth muscle cell loss with thinning of the medial
all. These cellular and extracellular events in the aortic wall
ead to progressive aortic enlargement and may lead to
ventual rupture. In particular, the rupture of an AAA, the
ost devastating complication, has been reported to fre-
uently occur at thrombus-covered walls, rather than at
hrombus-free walls, which indicates that the presence of
hrombus might predispose to the AAA rupture (2).
See page 800
oreover, it has been suggested that the growth of throm-
us may be a better predictor of aneurysmal rupture than
iameter in patients with AAA. Interestingly, previous
linical studies analyzing the size and morphology of in-
raluminal thrombus in AAA have shown that intraluminal
hrombus is frequently found at AAA in an eccentric
anner but not a concentric manner (2,3). Most aneurysms
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March 3, 2009:792–9 Early Growth Response Factor-1 in Human AAAontain thrombus, but the exact mechanisms regarding how
he intraluminal thrombus occurs at the specific aortic
egion in aneurysm remain unresolved.
Among many molecules involved in the intraluminal throm-
us formation, tissue factor (TF) is best known as a crucial
rothrombotic player to initiate the intravascular coagulation
ascade. A recent publication reported that the vascular wall is
he important source of thrombogenic TF that drives occlu-
ive thrombus formation after injury to medium-sized
nd large blood vessels (4). Although it is controversial
hether TF associated with the vessel wall or derived
rom leukocytes plays a dominant role in the thrombus
ormation, it is generally accepted that TF present in the
ascular wall substantially contributes to the thrombus
ropagation as well as the initial thrombus formation
5,6). Induction of TF in vascular walls is regulated by
any factors including platelet-derived growth factor,
umor necrosis factor, and others. In particular, early
rowth response factor-1 (Egr-1) was recently character-
zed to enhance the transcription and activity of TF upon
timulation of shear stress or platelet-derived growth
actor (7). In addition, Egr-1 has been implicated as a
aster transcription factor modulating many cardiovas-
ular pathological processes, in that it drives the expres-
ion of diverse proadhesive, proinflammatory, and pro-
hrombotic genes upon vascular injury (8 –12).
Considering the histopathological properties of AAA,
hese findings lead us to speculate that the differential
p-regulation of Egr-1 and subsequent overexpression of
F at a certain aneurysmal wall might be related to the
hrombus formation in AAA. Therefore, the present study
as intended to analyze the correlation between the expres-
ion of Egr-1 and TF at thrombus-covered and thrombus-
ree AAA tissue specimens in AAA and further characterize
Figure 1 Abdominal CT Scans Demonstrating the Location of In
(A) Coronal and (B) axial images of human abdominal aortic aneurysm (AAA). Tiss
were taken from the thrombus-covered (arrowheads) and thrombus-free walls (arroolecular functions of Egr-1 in
ascular smooth muscle and en-
othelial cells.
ethods
atient material and collection
f samples. Informed consent
as obtained from the time of
issue collection in accordance
ith protocol approved by the
nstitutional Review Board of
amsung Medical Center. Tissue
amples were obtained from 16
elected patients, 15 men and 1
oman with a mean age of 68.6
ears, undergoing elective open
AA repair. Pre-operative com-
uted tomography scans demon-
trated intraluminal thrombus-
overed and thrombus-free an-
urysmal walls. Aneurysmal wall
as taken for the tissue speci-
ens of thrombus-covered and
hrombus-free walls, where two
 3-cm tissue sections were transversely cut from
hrombus-covered wall and thrombus-free aneurysmal wall,
espectively. The thrombus was removed from the aortic
all. The sections free of thrombus, excess perivascular fat,
nd debris were fixed in formalin for immunohistochemistry
r immediately snap-frozen in liquid nitrogen for ribonu-
leic acid (RNA) preparation.
NA extraction and reverse transcriptase-polymerase
hain reaction (RT-PCR). Total RNA (1 g) was ex-
minal Thrombus at More Expanded AAA
cimens
f each patient. CT  computed tomography.
Abbreviations
and Acronyms
AAA  abdominal aortic
aneurysm
Egr  early growth
response factor
HASMC  human aortic
smooth muscle cell
HUVEC  human umbilical
vein endothelial cell
ICAM  intercellular
adhesion molecule
IVC  inferior vena cava
MCP  monocyte
chemotactic protein
MIP  macrophage
inflammatory protein
PBS  phosphate-buffered
saline
RT-PCR  reverse
transcriptase-polymerase
chain reaction
TF  tissue factortralu
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Early Growth Response Factor-1 in Human AAA March 3, 2009:792–9racted from frozen aortic wall using Trizol reagent (Invitro-
en, Carlsbad, California) and was processed for comple-
entary deoxyribonucleic acid (cDNA) synthesis using the
uperscript first-strand synthesis system (Invitrogen). The
DNA was amplified with 30 to 35 cycles of polymerase chain
eaction (PCR) using a primer specific for each gene. Primers
ere used as follows: Egr-1, forward 5=-CTGCGACATC
GTGGAAGAA-3=, reverse 5=-TGTCCTGGGAGAAA-
GGTTG-3=; TF, forward 5=-TGAAGGATGTGAAGC-
GACG-3=, reverse 5=-GCCAGGATGATGACAAGG-
T-3=; intercellular adhesion molecule-1 (ICAM-1), forward
=-CGCTGAGCTCCTCTGCTACT-3=, reverse 5=-GT-
CTCAAACAGCTCCAGCC-3=; monocyte chemotactic
rotein-1 (MCP-1), forward 5=-CCCCAGTCACCTGC-
GTTAT-3=, reverse 5=-CAAAACATCCCAGGGGT-
GA-3=; macrophage inflammatory protein-1 (MIP-1),
orward 5=-TGCGTGACTGTCCTGTCTCT-3=, reverse
=-GACAGTGGACCATCCCCATA-3=; glyceraldehydes-
-phosphate dehydrogenase, forward 5=-CGTGGAAGG-
CTCATGAC-3=, reverse 5=-CAAATTCGTTGTCA-
ACCAG-3=. Each gene’s expression was analyzed in
riplicate at least.
uantitative real-time PCR. Real-time PCR was carried
ut using the ABI PRISM 7000 (Applied Biosystems,
oster City, California) according to the manufacturer’s
nstructions. Reactions were performed in a 20-l volume
ontaining cDNA, corresponding primers, and probes from
pplied Biosystems. To confirm the amplification specific-
ty, the PCR product from each primer pair was subjected to
standard curve analysis and normalized by calculating the
Figure 2 TF Is Highly Expressed in the Thrombus-Covered Walls
(A) Real-time reverse transcriptase-polymeric chain reaction shows that the expres
higher than that in thrombus-free walls (*p  0.05 vs. thrombus-free wall). (B to F
abdominal aortic aneurysmal (AAA) wall. Images with irrelevant primary immunoglo
(D and F) in AAA stained with anti-TF IgG. Scale bar is 50 m.atio against glyceraldehydes-3-phosphate dehydrogenase
xpression. All reactions were performed in triplicate.
mmunohistochemistry. For the assessment of the expres-
ion of Egr-1 and TF, sections embedded in paraffin were
reated with 0.3% hydrogen peroxidase. After retrieving
pitopes by heating in Target Retrieval Solution (Dako-
ytomation, Carpentaria, California), sections were blocked
nd incubated with anti-Egr-1 immunoglobulin (Ig)G
Santa Cruz Biotechnology Inc., Santa Cruz, California),
nti-TF IgG (American Diagnostica Inc., Stamford, Con-
ecticut), or irrelevant IgG control. Then, sections were
ncubated with biotinylated secondary IgG (Jackson Im-
uno Research Laboratories Inc., West Grove, Pennsylvania)
or 30 min and washed with phosphate-buffered saline (PBS),
fter which slides were visualized by using an avidin biotin
omplex-peroxidase kit (Elite kit, Vector Laboratories, Burlin-
ame, California) and 3,3-diaminobenzidine tetrahydrochlo-
ide (Vector Laboratories). Sections were then counterstained
ith hematoxylin before mounting.
ell culture and adenovirus infection. Human umbilical
ein endothelial cells (HUVECs) and human aortic smooth
uscle cells (HASMCs) were purchased from ScienCell
ScienCell Research Laboratories, San Diego, California).
UVECs and HASMCs were cultured in endothelial cell
rowth factor medium-2 (EGM-2, Clonetics, San Diego,
alifornia) and smooth muscle growth medium-2 (SMGM,
cienCell), respectively. U937 monocytes (American Type
ulture Collection, Manassas, Virginia) were incubated in
PMI 1640 medium (Clonetics) with 10% fetal bovine
erum. For adenoviral infection, cells at passage 6 to 9 were
Not in the Thrombus-Free Walls in Human AAA
evel of tissue factor (TF) in the thrombus-covered wall was approximately 3-fold
resentative immunohistochemical images showing the TF expression in human
Ig)G (B); images with thrombus-covered walls (C and E) and thrombus-free wallsBut
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March 3, 2009:792–9 Early Growth Response Factor-1 in Human AAAtarved overnight in serum-free media and then incubated
ith adenoviral Egr-1 (Ad-Egr-1) or LacZ (Ad-LacZ) at
00 multiplicity of infection (MOI) for 4 h. After
ashing with PBS, cells were cultured in serum-free
edia and used for the further experiments. The method
sed for preparing the recombinant adenovirus was pre-
iously described in detail (13).
onocyte adhesion assay. Ad-LacZ– or Ad-Egr-1–
nfected HUVECs (confluently seeded on gelatin-coated
4-well plate; 7 104/well) were incubated with 1 105 of
iI (Invitrogen)-labeled U937 cells at 37°C for 24 h. After
everal washings with PBS, adherent U937 cells were
ounted in 5 random microscopic fields (200) by blinded
nvestigators. These experiments were performed in tripli-
ate at least.
F activity. TF activity in Ad-LacZ– or Ad-Egr-1–
nfected HUVECs or HASMCs was measured by Ac-
ichrome TF activity kit (American Diagnostica Inc.) ac-
ording to the manufacturer’s instructions. In brief, cell
ysates were mixed with human factor VIIa and human
actor X. During incubation at 37°C, TF from cell lysates form
omplexes with factor VIIa, which then convert the factor X
nto factor Xa. The amount of factor Xa generated was
easured by its ability to cleave the highly specific chromo-
enic substrate, releasing a paranitroanilin-chromophore with
specific change of absorption at 405 nm. TF activity was
xpressed in arbitrary units by reference to a standard curve
onstructed from recombinant human-lipidated TF. These
xperiments were performed in triplicate at least.
Figure 3 Egr-1 Is Highly Expressed in Thrombus-Covered Walls,
(A) Real-time reverse transcriptase-polymeric chain reaction shows that the expres
approximately 3-fold higher than that in thrombus-free walls (*p  0.05 vs. thromb
expression in human AAA wall. Images with thrombus-covered walls (B and D) and
primary IgG control (F). Egr-1 was highly expressed in vascular smooth muscle cel
whereas Egr-1 was slightly stained in the thrombus-free wall. Scale bar is 50 m.ouse inferior vena cava (IVC) thrombosis model. IVC
hrombosis was produced in C57BL/6 mice (Charles River
aboratories, Yokohama, Japan) by standardized IVC liga-
ion with minor modification as described in the following
ext. Mice weighing 20 to 25 g were anesthetized by
ntraperitoneal injection of 80 l of solution containing
.215-mg ketamine (Ketara 50 mg/ml, Yuhan Co., Seoul,
orea) and 0.175-mg xylazine (Rompun 23.32 mg/ml,
ayer, Seoul, Korea) during the surgical procedure (14).
fter midline laparotomy, the small bowel was exteriorized
rom the body cavity and the IVC was directly approached
nd ligated with 6-0 prolene (Ethicon, Inc., Somerville,
ew Jersey) just below the renal veins, with another ligation
ust above the iliac bifurcation. Then, 2  108 pfu of
d-LacZ or Ad-Egr-1 in 50 l of normal saline was
njected into the vein ligated between the renal vein and iliac
ifurcation. After 30-min incubation with adenovirus, the
ein ligated at proximal iliac bifurcation was untied. Two
ays later, mice were sacrificed and immediately snap-frozen
y immersion in liquid nitrogen or stored at 70°C for
urther analysis. For the visualization of the IVC occlusive
hrombus, mice were injected with barium sulfate (Baryt-
enSol, Fushimi, Tokushima, Japan) as a contrast material
nd their X-ray images of IVC occlusive thrombus were
btained using C-arm X-ray (VISIPLEX, CCM 620,
eilenkirchen, Germany). All procedures were performed
n accordance with the guidelines for the care and use of
aboratory animals published by the U.S. National Institutes
f Health (NIH publication no. 85-23, revised 1996).
Not in Thrombus-Free Walls in Human AAA
evel of early growth response factor-1 (Egr-1) in the thrombus-covered wall was
e wall). (B to F) Representative immunohistochemical images reveal the Egr-1
bus-free walls (C and E) in AAA stained with anti-Egr-1 IgG; image with irrelevant
inflammatory cells infiltrated at the media of the thrombus-covered wall,
iations as in Figure 2.But
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Early Growth Response Factor-1 in Human AAA March 3, 2009:792–9hrombus weight. At sacrifice, the IVC to iliac bifurca-
ion was removed and measured for length. Then, all
hrombi harvested from IVC were weighed and normal-
zed to the length of vessel (weight/length measurement,
g/mm) (15,16).
tatistical analysis. Data are expressed as mean  stan-
ard error of the mean. Statistical significance was evaluated
sing a paired t test or 1-way analysis of variance followed
y Bonferroni’s post hoc multiple comparison test, depend-
ng on the number of experimental groups. Probability
alues below 0.05 were regarded as statistically significant.
he association between the induction fold of Egr-1
RNA levels and that of TF mRNA levels was investigated
ith Spearman rank correlations.
esults
F is up-regulated in the thrombus-covered wall of
uman AAA. The expression pattern of TF was examined
n tissue specimens taken from the thrombus-covered and
he thrombus-free walls of 16 AAA patients (Fig. 1). As
hown in Figure 2A, the mRNA level of TF, quantified
sing quantitative real-time PCR, was significantly (approx-
mately 3-fold) increased in the thrombus-covered walls
ompared with thrombus-free walls. Immunohistochemi-
ally, TF was found to be highly expressed in vascular
mooth muscle cells and inflammatory cells infiltrated in the
edia of thrombus-covered walls, whereas little TF was
xpressed in the intima or media of thrombus-free normal
rteries (Figs. 2B to 2E).
gr-1 is highly up-regulated in the thrombus-covered
all of human AAA with positive correlation with TF
p-regulation. To determine the association of Egr-1 with
he eccentric thrombus formation in aneurysmal aortic
alls, we also examined its expression pattern in aneurysmal
ortic walls from patients with AAA. Consistent with the
bservation regarding the expression pattern of TF in AAA,
he Egr-1 mRNA was also found to be significantly more
bundant in the thrombus-covered walls than in the
hrombus-free walls (Fig. 3A). The immunohistochemical
esult as shown in Figures 3B to 3E showed that the
xpression of Egr-1 was highly localized at vascular smooth
uscle cells and infiltrated inflammatory cells at the media
f the thrombus-covered walls. Of note, the induction
fold increase in a thrombus-covered wall compared with
thrombus-free wall) of Egr-1 was found to significantly
orrelate with the induction of TF, as shown in Figure 4
p  0.0018; r  0.717). This result indicates that differ-
ntial expression of Egr-1 in AAA may be associated with
he eccentric thrombus formation via modulating the ex-
ression of TF, one of Egr-1 downstream target genes.
gr-1 promotes proinflammatory and prothrombogenic
ctivity of HASMCs and HUVECs in vitro. To investi-
ate the role of Egr-1 overexpressed in thrombus-covered
alls of AAA, vascular cells (HASMCs and HUVECs)
ere transfected with the adenovirus encoding humangr-1 or LacZ. The adenoviral infection at 200 MOI for
h yielded the substantially high expression of Egr-1 in
oth cell lines, but did not induce the adenovirus-induced
ellular apoptosis. Then, RT-PCR was carried out to
nvestigate the gene expression profile in the Egr-1 overex-
ressed HASMCs and HUVECs, where proinflammatory
enes important for the initiation and propagation of
hrombus formation were carefully analyzed compared with
d-LacZ–transfected or PBS-untreated controls. As shown
n Figure 5A, adhesion molecule (ICAM-1) and inflamma-
ory chemokines (MCP-1, MIP-1) were significantly up-
egulated in Ad-Egr-1–transfected HASMCs and HUVECs,
hich, however, were barely expressed in untreated and
d-LacZ–transfected cells (Fig. 5A). This gene expression
rofile in Egr-1 overexpressed HUVECs might account for
he monocyte adhesion data, where adhesion of human
onocytic U937 cells was significantly enhanced on the
gr-1–overexpressed HUVEC monolayer compared with
d-LacZ–transfected or untreated controls (Fig. 5B). In
ddition to inflammation-related genes, TF, an initiator of
lotting cascade, was significantly up-regulated in both
UVECs and HASMCs after Ad-Egr-1 transfection (Fig.
A). When mean TF activity was measured with an
midolytic assay that measures factor Xa generation, it was
ignificantly promoted in both HASMCs and HUVECs by
denovirus-mediated overexpression of Egr-1 compared
ith that in other controls. These results indicate that Egr-1
ight play a crucial role in regulating proinflammatory and
rothrombic activities of vasculature by modulating several
Figure 4 The Induction of Egr-1
Positively Correlated With That of TF
The significant positive correlation between the induction fold of Egr-1 and TF
(ratio of their expression in a thrombus-covered wall relative to that in a throm-
bus-free wall). p  0.0018; r  0.717, n  16. mRNA  messenger ribonu-
cleic acid; other abbreviations as in Figure 1.
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March 3, 2009:792–9 Early Growth Response Factor-1 in Human AAAelevant genes, including TF, adhesion molecules, and
hemotactic cytokines.
gr-1 increases thrombus formation in a mouse IVC
odel. To investigate whether or not the vascular up-
egulation of Egr-1 indeed caused the thrombus formation,
he IVC in mouse was ligated and treated with saline,
d-LacZ, or Ad-Egr-1. During this experiment, we ob-
erved that the thrombus formation occurred more than
0% of the time in saline-, Ad-LacZ–, and Ad-Egr-1–
reated groups, whereas it happened at a significantly lower
requency in sham controls. In Figure 6A, post-mortem
ngiographic images obtained from each group showed that
he thrombus formation was substantially promoted in the
d-Egr-1–transfected IVC compared with other control
roups. This result was consistent with the hematoxylin and
osin-stained images of the IVC from each group, where
evere occlusive thrombosis was frequently observed in the
VC transfected with Ad-Egr-1 (Fig. 6B). Because the
hrombus size has been considered a reproducible assess-
ent of thrombus formation, the thrombus formation was
uantitatively evaluated by measuring the weight of IVC-
ssociated thrombus. As shown in Figure 6C, the thrombus
ize was found to significantly increase in the IVC from
d-Egr-1–transfected mice compared with those from Ad-
acZ–transfected or saline controls (1.7- and 1.94-fold
Figure 5 Egr-1 Promotes Proinflammatory and Prothrombogenic
(A) TF and inflammation-related genes were significantly up-regulated in adenovira
vein endothelial cells (HUVECs). After infection with adenoviral (Ad)-Egr-1 or -galac
serum-free media and prepared for the reverse transcriptase-polymeric chain react
Similar results were obtained in triplicate experiments. (B) Egr-1 increased the ad
cytes on HUVECs was quantified and compared with other groups (**p  0.01 vs
mogenic TF assay shows the increase of factor Xa generation in Ad-Egr-1–transfec
(PBS). ICAM-1  intercellular adhesion molecule-1; MCP-1  monocyte chemotact
Figure 1.ncrease in thrombus weight), which was in accordance with
he angiographic and hematoxylin and eosin-stained images
f IVC tissues. The adenovirus-mediated overexpression of
acZ or Egr-1 in the IVC vein wall was confirmed by X-gal
taining (data not shown) or RT-PCR (Fig. 6D).
iscussion
he main findings of the present study are as follows: 1) TF
as predominantly up-regulated in the thrombus-covered
all compared with thrombus-free wall in human AAA; 2)
gr-1 was also significantly up-regulated in the thrombus-
overed wall of human AAA with a positive correlation with
F induction; and 3) Egr-1 overexpression in vascular cells
romoted the inflammatory reaction and significantly con-
ributed to the thrombus formation.
The significance of Egr-1 induction in the thrombus-
overed wall of an AAA could give insight into the
olecular events programming thrombus formation in hu-
an AAA, because Egr-1 is a potent transcriptional factor
hat regulates the expression of divergent gene families, in
articular, those related with a cascade of thrombotic events.
mong a plethora of genes whose induction is triggered by
gr-1, TF, barely expressed in the normal vascular wall, was
ound to be substantially overexpressed in the thrombus-
ivity of HASMC and HUVEC In Vitro
–transfected human aortic smooth muscle cells (HASMCs) and human umbilical
se (LacZ) at 200 multiplicity of infection (MOI) for 4 h, cells were cultured in
lyceraldehydes-3-phosphate dehydrogenase (GAPDH) served as a loading control.
ness of HUVECs to human monocytes (U937). The number of adherent mono-
cZ). (C and D) Egr-1 enhanced the TF activity in HASMCs and HUVECs. A chro-
SMCs and HUVECs. ***p  0.001 versus Ad-LacZ, phosphate-buffered saline
ein-1; MIP-1  macrophage inflammatory protein-1; other abbreviations as inAct
l Egr-1
tosida
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Early Growth Response Factor-1 in Human AAA March 3, 2009:792–9overed vascular wall of an AAA compared with the
hrombus-free wall. Indeed, the IVC ligation experiment
emonstrated that Egr-1 overexpression in vascular walls
as sufficient to generate the intravascular thrombus forma-
ion. In this regard, the significant overexpression of Egr-1
nd its correlation with TF induction in a thrombus-
overed wall of an AAA implies that Egr-1 might be closely
ssociated with the thrombus formation in human AAA.
In addition to the expression of TF, Egr-1 was shown to
p-regulate a variety of inflammation-related genes such as
CAM-1, MCP-1, and MIP-1 in vascular endothelial and
mooth muscle cells, which might facilitate the recruitment
nd subsequent infiltration of macrophage and leukocytes
nto an Egr-1–overexpressed vascular site in human AAA.
oreover, these inflammatory cells are known to release a
ascade of cytokines that induce the expression and activa-
ion of many proteases such as matrix metalloproteases (17).
hen considering the severe inflammation and frequent
upture of AAA in the thrombus-covered wall, the signifi-
ant up-regulation of Egr-1 in the thrombus-covered wall
ight be not only involved with the initial intra-arterial
Figure 6 Egr-1 Promotes the Intravascular Thrombus Formation
Representative computed tomography (A) and hematoxylin and eosin-stained (B) i
Ad-early growth response factor-1 (Egr-1) after IVC ligation or sham operation. Arro
from Ad-Egr-1–transfected mice compared with that seen in the Ad-LacZ–transfecte
overexpression of Egr-1 in the IVC vein wall was confirmed by reverse transcriptashrombus formation, but also associated with pathophysio- sogical features of AAA. However, the issue of whether the
bserved high induction of Egr-1 in the thrombus-covered
all of an AAA is a causative factor in aneurysm develop-
ent or simply a consequence of the disease process requires
urther investigation.
According to biomechanical flow studies using asymmet-
ic AAA models and the flow Doppler study with AAA
atients, both laminar and turbulent flows are present and
nduce dynamic fluid shear stresses through aneurysmal
alls. In particular, it has been found that a laminar flow
arallel to the wall induces a relatively minor impact on the
neurysmal wall, whereas a turbulent flow causes a pro-
ounced wall shear stress, presumably being responsible for
ortic enlargement and rupture (18–20). In numerical
imulation models of AAA, turbulent flows were shown to
roduce the maximum shear stress at a distal end of
neurismal bulge, being assumed to cause endothelial dam-
ges and precipitate thrombus formation. Considering that
gr-1 is one of the genes whose expression and activity are
odulated by fluid shear stress, it is likely that Egr-1 is
electively up-regulated and then stimulates the TF expres-
Mouse IVC Experiment
of the inferior vena cava (IVC) in mice that were treated with saline, Ad-LacZ, or
s indicate the ligation site. (C) The thrombus mass was increased in the IVC
aline-treated mice (***p  0.001 vs. Ad-LacZ). (D) The adenovirus-mediated
erase chain reaction. Abbreviations as in Figure 5.in a
mages
whead
d or s
e-polymion at a region with high shear stress (i.e., the distal end of
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hrombi were indeed frequently found). However, it is also
ossible that thrombus formation might precede the Egr-1
p-regulation, in particular at the most dilated aneurysmal
all, in that a recirculating blood flow under low shear stress
t this region predisposes to platelet deposition leading to
rterial thrombogenesis, and platelet-derived growth factor
ecreted from accumulated platelets is one of the known
gr-1 inducers (21).
Although further studies are necessary to define the role
f Egr-1 as a primary force or an epiphenomenon in the
nitiation and progression of human AAA, the present study
emonstrates that the thrombus formation in human AAA
ould be related to the differential expression of Egr-1. We
howed that Egr-1 induced proadhesive, proinflammatory,
nd prothrombogenic properties in vascular walls, demon-
trating a feasible active role of Egr-1 in the thrombus
ormation and progression of AAA. These results might
rovide some clues to understanding the complex and
ultifactorial mechanisms involved in the pathogenesis of
AA.
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